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Abstract – Mastitis, the inﬂammation of the mammary gland, is an important disease affecting dairy
animals worldwide. The disease is caused by mammary pathogenic bacteria and Escherichia coli are
frequently implicated. Virulence factors of mammary pathogenic E. coli are only partially known and
intramammary challenge with LPS elicits neutrophil recruitment in experimental bovine and murine mastitis
models. We have previously shown that neutrophil recruitment in LPS-induced murine mastitis is strictly
dependent on mammary alveolar macrophages. However, the relative role of alveolar macrophages and
blood neutrophils in E. coli mastitis is not well deﬁned. To this end, we selectively depleted mammary
alveolar macrophages or blood neutrophils before intramammary challenge with E. coli strain P4 (ECP4).
Mice depleted of alveolar macrophages prior to intramammary challenge recruited neutrophils normally and
restricted bacterial growth and interstitial invasion. Importantly however, upon depletion of alveolar
macrophages, ECP4 invaded the mammary alveolar epithelial cells and formed intracellular bacterial
communities. In contrast, neutrophil depletion prior to intramammary infection with ECP4 was associated
with unrestricted bacterial growth, tissue damage, severe sepsis and mortality. This study suggests that
neutrophils but not alveolar macrophages provide essential antimicrobial defense against mammary
pathogenic E. coli. Furthermore, we show here similar invasion after depletion of alveolar macrophages as
in our previous studies showing that LPS/TLR4 signaling on alveolar macrophages abrogates ECP4
invasion of the mammary epithelium. Interestingly, similar ECP4 invasion and formation of intracellular
communities were also observed following intramammary infection of either iNOS gene-deﬁcient or IL-1
receptor type 1 gene-deﬁcient mice.
mastitis / Escherichia coli / macrophage / neutrophil / murine model
1. INTRODUCTION
Mastitis, the inﬂammation of the mammary
gland, is an important disease affecting dairy
animals worldwide. The disease is caused by
mammary pathogenic bacteria and Escherichia
coli are frequently implicated. The bacteria
invade the milk space via the teat canal, repli-
cate and elicit an innate immune response.
Recruitment of blood neutrophils into the alve-
olar space is the hallmark of E. coli mastitis.
Intramammary challenge with bacterial LPS is
sufﬁcient to elicit neutrophil recruitment
and transient disease. However, severe septic
* Corresponding author: shpigeln@agri.huji.ac.il
Vet. Res. (2010) 41:53
DOI: 10.1051/vetres/2010025
 INRA, EDP Sciences, 2010
www.vetres.org
Article published by EDP Sciencesdisease and persistent disease are only caused
by live bacteria replicating in the gland [20].
Our studies using adoptive transfer and
depletion of mammary alveolar macrophages
indicate that LPS/TLR4 signaling on alveolar
macrophages is both sufﬁcient and essential
for neutrophil recruitment [10, 11]. However,
E. coli P4 (ECP4) still elicit neutrophil recruit-
ment upon infection of TLR4-deﬁcient mice,
presumably by activation of other TLR by their
corresponding ligands. These putative TLR and
the expressing cells (e.g. macrophages or epi-
thelial cells) are yet to be deﬁned. Intriguingly,
in the absence of LPS/TLR4 signaling in alve-
olar macrophages, ECP4 invade the mammary
alveolar epithelium and this invasion is abro-
gated by wild type macrophages. Hence we
hypothesized in this study that depletion of
alveolar macrophages in normal mice will result
in ECP4 invasion of the alveolar epithelium
after intramammary challenge.
Using a set of knock out mice we previously
showed that neutrophil recruitment in response
to LPS/TLR4 signaling is mediated by tumor
necrosis factor a (TNFa) produced by alveolar
macrophages and is dependent on interleukin
1b (IL1b) and IL8 signaling and regulated by
nitric oxide (NO) [10]. However, the role of
alveolar macrophages and these mediators in
neutrophil recruitment in response to intramam-
mary E. coli infection is still unclear.
The aim of this study was to investigate the
role of mammary alveolar macrophages, blood
neutrophils and IL1b signaling and iNOS-
derived NO in neutrophil recruitment in
response to ECP4 infection in the mouse masti-
tis model.
2. MATERIALS AND METHODS
2.1. Intramammary mouse bacterial challenge
Six to eight week-old female C3H/HeN (wild-
type TLR4), C3H/HeJ (TLR4-deﬁcient), C57BL/6
(wild-type iNOS and IL-1R), iNOS gene-deﬁcient
(iNOS  / ) and IL-1 receptor type 1 gene-deﬁcient
(IL-1R  / ) mice were used in this study. Knockout
mice were purchased from The Jackson Laboratory
(Bar Harbor, Main, USA) and are described in the
JAX
 Mice Database
1. All mice were maintained
under speciﬁc pathogen free conditions and handled
under protocols approved by the Hebrew University
Animal Care Committee, according to international
guidelines. Bacterial intramammary challenge was
performed 7–10 days post partum. Mice were chal-
lenged via teat canal catheterization with 10 lLb a c -
terial suspension (100–1 000 cfu) of MPEC strain
ECP4 bacteria grown to log phase (3 h, 37 C,
110 rpm) in LB broth. Next, bacterial suspensions
were diluted in sterile, non-pyrogenic PBS to the
indicated concentrations and plated on LB agar plates
to determine the real number of live bacteria inocu-
lated in every experiment. The challenged gland
was the abdominal L4, whereas the abdominal R4
was injected with PBS only as a control in the same
manner.
2.2. Mammary alveolar macrophage depletion
Mammary alveolar macrophages were depleted
by intramammary infusion of 50 lLo fc l o d r o n a t e
liposomes (containing dichloromethylene diphospho-
nate, CL2MDP, a gift from Boehringer Mannheim
GmbH, Mannheim, Germany). Contralateral control
glands were similarly infused with saline liposomes.
All liposomes were prepared and supplied by
N. van Rooijen as previously described [21].
Liposomes were infused into the teat canal of lactat-
ing mice 24 h before bacterial challenge using the
above-described technique.
2.3. Neutrophil depletion
Total body neutrophil population was depleted by
injection of 400 lL puriﬁed anti-mouse Ly-6G (Gr-1,
Gr1) IP 24 h before ECP4 challenge [6]. General
neutrophil depletion was conﬁrmed by blood smear
microscopy twice: at time of challenge and at time
of harvesting.
2.4. Histochemical analysis
Gland tissues were trisected for cytokines, chemo-
kines and myeloperoxidase (MPO) assays, histology
and immunohistochemistry. Samples for histological
analysis were ﬁxed in neutral buffer 4% formalde-
hyde, parafﬁn-embedded, and sections were cut and
stained with haematoxylin and eosin (HE). Fresh
mammary tissue for ﬂuorescence staining was ﬁxed
in 2.5% paraformaldehyde over-night at room
1 http://www.jax.org/
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4 C and frozen in Tissue-Tek
 ( E M S ,H a t ﬁ e l d ,P A ,
USA) embedding medium. Serial cryosections of
10 lm were stained with either phalloidin-rhodamine
(Sigma, Rehovot, Israel) and 40,6 0-diamidino-2-
phenylindole (DAPI) (Sigma) or Sytox
 Orange
nucleic acid stain (Invitrogen) and DAPI. Sec-
tion Samples were mounted with VectaShield

(Vector Laboratories, Burlingame, CA, USA) and
imaged with a Nikon Eclipse E400 epiﬂuorescence
microscope with an Olypus DP70 camera.
2.5. Total bacterial counts
Mammary tissue (  100 mg) was weighed and
homogenized on ice in 1 mL sterile PBS immedi-
ately after removal. For total bacterial counts, gland
homogenates were plated as serial 10-fold dilutions
on LB agar plates and incubated overnight at 37 C
to determine CFU count.
2.6. Differential bacterial counts
Mammary tissue (  100 mg) weighed and enzy-
matically digested by 1 h incubation with DNAse-
Collagenase solution (1 mg/mL Collagenase type
IV (Sigma)), and 0.2 mg/mL DNAse (Roche
Applied, Indianapolis, USA) at 39 C, digested tissue
was disrupted by repeated pipetting and passed
through a mesh (100 mm nylon) to give a cell sus-
pension. The ﬁrst sample, for total bacterial counts,
was taken from the cell suspension as is, and kept
on ice before culture. The cell suspension was then
centrifuged (500 g, 5 min, 4 C), to separate extra-
cellular bacteria from cells and a second sample,
for extracellular bacterial counts, was taken from
the supernatant and kept on ice before culture. After-
wards, a gentamicin protection assay was performed
to yield the last sample for intracellular bacterial
counts. Brieﬂy, cells were washed 3 times with
10 mL cold PBS and centrifugation (500 g,5m i n ,
4 C), cells were suspended with PBS containing
50 lg/mL gentamicin, incubated for 1 h in 37 C
to kill any adherent extracellular bacteria and washed
twice to remove gentamicin. Finally, cells were enu-
merated with a hemocytometer and lysed with 0.1%
Triton on ice for 20 min to release intracellular bac-
teria. The lysis of cells by Triton was conﬁrmed by
microscopic examination, and no deleterious inﬂu-
ence of the detergent on the bacterial viability was
observed. All bacterial samples (Total, Extracellular,
Intracellular) were plated or dropped as serial 10-fold
dilutions on LB agar plates and incubated overnight
at 37 C to determine CFU count. The number of
bacteria per cell was calculated by dividing intracel-
lular CFU with total cell count.
2.7. Cytokines, chemokines
and myeloperoxidase assays
For the cytokines, chemokines and MPO assays,
100 mg of mammary gland tissue was homogenized
on ice in sterile 0.025% Triton X-100/PBS. After
homogenization, samples were centrifuged (10 000
rpm) for 5 min at 4 C and then the supernatant
was removed, aliquoted and frozen at  80 C. Total
protein concentration was determined by the Brad-
ford assay (Sigma) and the concentrations of IL1b,
TNFa, keratinocyte derived chemokine (KC) and
macrophage inﬂammatory protein-2 (MIP-2) were
measured in duplicate by mouse ELISA (R&D Sys-
tems, Minneapolis, MN, USA), according to the
manufacturers’ instructions. Cytokine and chemokine
levels were reported per mg total protein.
MPO activity in mammary tissue homogenates
w a sm e a s u r e da sp r e v i o u s l yr e p o r t e d[ 11]. Brieﬂy,
colorimetric reaction in triplicate samples was used
to compare MPO activity in the inoculated glands
and the contralateral control gland using tetramethyl
benzidine (TMB, Vector Labs.) as substrate at a
wavelength of 450 nm. A standard curve relating
known MPO activity (MPO, Sigma) with the absor-
bance was obtained and total MPO activity was cal-
culated as mU per mg total protein. The relative
MPO activity was calculated by the ratio between
total MPO activity measured in the LPS-challenged
gland and in the contralateral, unchallenged con-
trolled gland.
2.8. Statistical analysis
Relative MPO activity and concentrations of
IL1b,T N F a, KC and MIP-2 are reported as the
means ± standard errors of the means (SE) of values
obtained from at least two different experiments and
the n   6/group. Comparisons of the means were
tested with the t-test for paired values.
Mean CFU counts were calculated at 24 h and
48 h after challenge and compared by the non-para-
metric Mann–Whitney two-independent-samples test
for comparison of means using SPSS 10.0.1 software
( S P S SI n c . ,C h i c a g o ,I L ,U S A ) .Ap value of 0.05 or
less was considered signiﬁcant.
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3.1. Effect of alveolar macrophage depletion
on neutrophil recruitment and epithelial
invasion by ECP4
Our previous studies have shown that alveo-
lar macrophages are both sufﬁcient and essen-
tial for neutrophil recruitment elicited by LPS/
TLR4 signaling in the mammary gland
[10, 11]. To investigate the role of mammary
alveolar macrophages in EC-induced murine
mastitis, we examined the effect of depleting
this population using liposome-encapsulated
clodronate. Clodronate liposomes or saline lipo-
somes were infused into the teat canal 1 day
before intramammary challenge of C3H/HeN
mice with ECP4. Initially, at 24 h after chal-
lenge, we could not observe any difference
between the two experimental groups respond-
ing with neutrophil recruitment (Figs. 1A–1C)
and massive bacterial replication (Fig. 2A)i n
the milk spaces as previously reported by us
[11]. Interestingly, 48 h after challenge we
observed numerous ECP4 organisms inside
the alveolar mammary epithelial cells of the
macrophage depleted group. At the same time,
no other differences were observed between the
two experimental groups with respect to neutro-
phil recruitment as reﬂected by MPO activity
(Fig. 1C) and bacterial growth (Fig. 2A).
We previously demonstrated alveolar epithe-
l i a lc e l li n v a s i o nb yE C P 4i nT L R 4 - d e ﬁ c i e n t
C3H/HeJ mice 48 h after intramammary chal-
lenge [11]. Furthermore, we showed that in
the absence of LPS/TLR4 signaling on alveolar
macrophages levels of IL1b,T N F a,K Ca n d
MIP-2 remain basal in the mammary tissue
after LPS challenge [10]. Here we show that
ECP4 challenge in the absence of LPS/TLR4
signaling on alveolar macrophages elicited sim-
ilar increases in mammary levels of IL1b,
TNFa, KC and MIP-2 to that observed in the
presence of such signaling (Fig. 3). We can con-
clude that bacterial virulence factors other than
LPS elicited similar mammary inﬂammation.
However the absence of LPS/TLR4 signaling
on alveolar macrophages enabled bacterial
invasion of the alveolar epithelium by an
unknown mechanism.
3.2. Effect of iNOS deﬁciency on neutrophil
recruitment and epithelial invasion
by ECP4
Using iNOS  /  mice, we previously
showed that iNOS derived NO regulates neutro-
phil recruitment in response to LPS/TLR4
signaling on alveolar macrophages [10]. Here
we show that iNOS deﬁciency did not affect
neutrophil recruitment (Figs. 4A and 4C)
after intramammary challenge with ECP4.
Interestingly, 48 h after challenge we observed
numerous ECP4 organisms inside the alveo-
lar epithelial cells of iNOS-deﬁcient mice
(Fig. 4D). This was also shown using differen-
tial extracellular and intracellular bacterial
counts in the mammary gland (Fig. 2B).
These results might indicate that neutrophil
recruitment in response to bacterial virulence
factors other than LPS is not regulated by
iNOS-derived NO. Furthermore, in the absence
of iNOS-derived NO, bacterial invasion into
the alveolar epithelial cells is enabled by an
unknown mechanism.
3.3. Effect of IL-1b receptor deﬁciency
on neutrophil recruitment and epithelial
invasion by ECP4
We previously showed that neutrophil
recruitment into the mammary alveolar space
in response to LPS/TLR4 signaling in alveolar
macrophages is dependent on IL1b signaling
in blood neutrophils [10]. Using IL1R  / 
mice we observed trapping of neutrophils in
blood vessels and interstitium in response to
LPS challenge [10]. Here we show that intra-
mammary challenge of IL1R  /  mice with
ECP4 elicited a mixed response which included
normal neutrophil recruitment into the alveolar
space (Figs. 5A–5B) and trapping of neutro-
phils in the interstitium (Fig. 5C). This is fur-
ther reﬂected by signiﬁcantly higher MPO
levels observed 48 h after challenge in IL1R
 /  mice in comparison with WT mice
(p < 0.001) (Fig. 5D). Interestingly, 48 h after
challenge we observed numerous ECP4 organ-
isms inside the alveolar epithelial cells of IL1R
 /  mice (Fig. 5B). This was also shown
using our novel differential extracellular and
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gland (Figs. 2C–2D).
These results might indicate the presence of
two parallel independent pathways respond-
ing to bacterial virulence factors; one is acti-
vated by LPS and is IL1b dependent and an
IL1b-independent pathway elicited by other
bacterial virulence factors. Furthermore, in the
absence of IL1b signaling, ECP4 invasion into
the alveolar epithelial cells was enabled by
unknown mechanism.
3.4. Effect of neutrophil depletion on ECP4
intramammary infection
Neutrophil recruitment into the milk
spaces is considered the hallmark of mammary
response to bacterial invasion and replication.
Figure 1. E. coli P4 invades mammary epithelium in alveolar macrophage-depleted mice. Mammary
glands of lactating C3H/HeN mice were infused with either PBS-loaded liposomes (A–B) or clodronate-
loaded liposomes (D) followed by intramammary infection with E. coli P4. Fluorescence staining of parafﬁn
embedded sections (A and D) or cryosections (B) with DAPI (blue) combined with Sytox orange (red) (A)
or phalloidin-rhodamine (red) (B and D) of mammary tissues 48 h after bacterial challenge. GFP expressing
bacteria (yellow arrows in B and D) are visible in the alveolar space of PBS-liposome treated mice (B) and
inside epithelial cells and in the alveolar space in clodronate-liposome treated mice (D). Neutrophil
recruitment into the alveolar space is clearly visible in both treatments (white arrows) which is also reﬂected
by relative (ratio of challenge to control gland) MPO activity (C). Data are mean and S.E., n   6/group and
p value compared PBS-liposomes with clodronate-liposomes infused mice using Student’s t-test. Scale bars
50 lm (A–B), 15 lm (D). All images are representative of the entire sample and the histological
morphology and pathology results were very similar for each gland in a given mouse and between mice.
(For a color version of this ﬁgure please consult www.vetres.org.)
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ment in EC-induced murine mastitis, we
examined the effect of depleting whole-body
neutrophils using anti-neutrophil antibodies.
Neutropenia was induced in C3H/HeN mice
by intraperitoneal injection of anti-mouse
Ly-6G (Gr-1) antibodies 24 h before ECP4
challenge.
Figure 2. Bacterial counts in mammary tissue homogenates after intramammary infection with E. coli P4 in
C3H/HeN (A), iNOS  /  (B) and IL1R  /  (C–D) mice. Data represent individual mouse bacterial counts
and horizontal bars represent mean bacterial counts (A–B). Total bacterial counts 24 and 48 h after
challenge of normal, macrophage depleted and neutrophil-depleted C3H/HeN mice (A) demonstrating the
unrestricted overgrowth of bacteria after neutrophil depletion. Differential counts of total, extracellular and
intracellular bacteria in mammary tissues of iNOS  /  mice 24 and 48 h after challenged (B)
demonstrating epithelial invasion of bacteria 48 h after challenge. Horizontal bars represent the means,
n   6/group and p values were calculated using the non-parametric Mann–Whitney two-independent-
samples test for comparison of means. Epithelial invasion in IL1R  /  mice is reﬂected by differential
counts of total (T), extracellular (E) and intracellular (I) bacteria in mammary tissue of IL-1bR  /  mice 24
(C) and 48 h (D) after challenge using drop plating of the dilutions indicated of tissue homogenates (1:10 to
1:10
7). The challenge dose (C) of the experiment is presented on drop plate C. (For a color version of this
ﬁgure please consult www.vetres.org.)
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mary challenge elicited a transient and localized
disease, without systemic signs or sepsis. Intra-
mammary challenge of neutropenic animals
with ECP4 elicited severe and fatal septic mas-
titis. Severe systemic signs developed 24 h after
challenge with animals showing progressive
depression, weakness and anorexia. Severe
swelling developed in the infected mammary
gland which was accompanied by lameness.
All animals were euthanized by 48 h after chal-
lenge due to extreme signs of disease and mor-
ibund state. Control, normal C3H/HeN mice
challenged with the same dose of ECP4 organ-
isms survived for 48 h without showing any
systemic or localized signs of disease as previ-
ously reported by us [11].
Macroscopically, the infected glands of neu-
tropenic animals were severely swollen, con-
gested with petechiations and ecchymoses.
Microscopically, moderate congestion and lack
of neutrophil recruitment were observed 24 h
after challenge (Figs. 6A–6B), while at 48 h
severe changes were observed characterized
by extensive bleeding and swollen epithelial
cells with vacuolated cytoplasm and pyknotic
nuclei (Figs. 6C–6D). At 24 h after challenge,
bacterial counts in the mammary gland
were no different in neutropenic animals in
comparison with normal (p = 0.462) or macro-
phage depleted (p = 0.724) C3H/HeN mice
(Fig. 2A). However, 48 h after challenge, bacte-
rial counts were signiﬁcantly higher in neutro-
penic animals in comparison with normal
(p = 0.028) or macrophage depleted mice
(p = 0.027) (Fig. 2A), probably indicating
unrestricted growth of challenge organisms.
This is also demonstrated microscopically by
numerous bacteria in the alveolar spaces and
inside epithelial cells (Fig. 6D).
Figure 3. Similar levels of mammary cytokines and chemokines were produced 24 h after intramammary
infusion of E. coli P4 in C3H/HeN and C3H/HeJ mice. Bars represent mean concentrations per mg total
protein and S.E. of TNFa, IL-1b, MIP-2 and KC measured by ELISA in tissue homogenates of E. coli P4
and PBS-infused control glands of 6 mice in two different experiments. *p < 0.05 value compared means
between challenged and control glands using Student’s t-test.
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Although mammary pathogenic E. coli is a
common and important pathogen of the bovine
mammary gland, the underlying virulence
mechanism of this pathogen is still largely
unknown. Infusion of the mammary gland with
bacterial LPS is sufﬁcient to elicit transient
mastitis characterized by recruitment of blood
neutrophils into the alveolar and duct space.
Using a set of knock out mice we previously
showed that neutrophil recruitment in response
to LPS/TLR4 signaling was mediated by TNFa
produced by alveolar macrophages and was
dependent on IL1b and IL8 signaling and regu-
lated by NO [10]. However, our studies in
TLR4-deﬁcient mice demonstrated the presence
of virulence factors other than LPS mediating
similar recruitment of blood neutrophils [11].
We show here that alveolar macrophages
were not essential for neutrophil recruitment
after ECP4 infection while previously proven
Figure 4. E. coli P4 invades mammary epithelium of iNOS  /  mice 48 h after intramammary infection.
Fluorescence staining of cryosections (A and D) or parafﬁn embedded section (B) with DAPI (blue)
combined with phalloidin-rhodamine (red) (A and D) or Sytox orange (red) (B) of mammary tissues 48 h
after bacterial challenge. Numerous bacteria are visible in the alveolar space of the wild type (wt) C57BL/6
mouse(yellow arrow inB) while GFPexpressing bacteria arevisible inside epithelial cellsiniNOS  / mice
(yellow arrowsinD). Similar neutrophil recruitment (white arrows)intothe alveolarspace isclearly visible in
both C57BL/6 (B) and iNOS  /  (A and D) mice, which is also reﬂected by relative (ratio of challenge to
control gland) MPO activity (C). Data are mean and S.E.,n   6/group and p value compared iNOS  /  with
wt mice using Student’s t-test. Scale bars 50 lm (A-B) and 20 lm (D). All images are representative of the
entire sample and the histological morphology and pathology results were very similar for each gland in a
given mouse and between mice. (For a color version of this ﬁgure please consult www.vetres.org.)
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LPS/TLR4 signaling [10]. Furthermore, neutro-
phil recruitment in response to ECP4 infection
was not affected by IL1b signaling or iNOS-
derived NO. We previously showed that neutro-
phil recruitment in response to LPS/TLR4
signaling is dependent on IL1b signaling. Using
IL1bR-deﬁcient mice we observed trapping
of neutrophils in mammary blood vessels
and interstitium after LPS challenge [10].
Adoptively transferred normal neutrophils
trans-mediated recruitment of IL1bR-deﬁcient
neutrophils [10]. Here we report normal neutro-
phil recruitment in IL1bR-deﬁcient mice after
ECP4 challenge which might indicate the pres-
ence of alternative signaling pathways for neu-
trophil recruitment elicited by microbial
virulence factors other than LPS.
Using iNOS-deﬁcient mice we showed that
iNOS-derived NO regulates neutrophil recruit-
ment mediated by LPS/TLR4 signaling in
the mammary gland [10]. In the present study,
Figure 5. E. coli P4 invades mammary epithelium of IL1R  /  mice 48 h after intramammary infection.
Parafﬁn embedded sections stained with H&E (A) or Sytox orange (red) combined with DAPI (blue) (B–C).
Numerous bacteria are visible in the alveolar space and in the alveolar epithelial cells (yellow arrow).
Inﬂammation is characterized by massive neutrophil recruitment into the alveolar and tubular spaces (black
arrows in A) which is better seen in the enlarged alveolus in B (white arrows). Congestion and accumulation
of neutrophils in the interstitial spaces is also seen in IL1R  /  mice (white arrows in A and C), which is
also reﬂected by signiﬁcantly higher relative MPO activity than in wt mice (D). Data are mean and S.E.,
n   6/group and p value compared means between IL1R  /  and wt mice using Student t-test. Scale bars
200 lm (A), 20 lm (B) and 50 lm (C). All images are representative of the entire sample and the
histological morphology and pathology results were very similar for each gland in a given mouse and
between mice. (For a color version of this ﬁgure please consult www.vetres.org.)
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iNOS-deﬁcient mice in response to ECP4 infec-
tion. Furthermore, neither macrophage deple-
tion nor NO deﬁciency were associated with
impaired bacterial clearance or increased mor-
tality after intramammary infection. Macro-
phages and their antimicrobials such as NO
are critical for the host defense when challenged
with pathogenic bacteria at macrophage-rich
portals of entry, such as the peritoneum and
lung [7, 14]. While we have previously demon-
strated the small number of mammary alveolar
macrophages in steady state and after challenge,
we also demonstrated their critical role for LPS
signaling and neutrophil recruitment [10, 11].
Mammary alveolar macrophages are probably
critical for immune signaling while recruited
neutrophils are essential for bacterial control
and clearance.
The importance of neutrophil recruitment
and function in the host defense against masti-
tis pathogens has been implicated in many
Figure 6. Severe tissue damage and uncontrolled bacterial growth and invasion after E. coli P4 infection in
neutrophil-depleted C3H/HeN mice. H&E staining of parafﬁn sections of mammary tissues 24 (A–B) and
48 h (C–D) after E. coli P4 infection of C3H/HeN mice rendered neutropenic by intraperitoneal injection of
anti Gr-1 antibodies 24 h before infection. Normal tissue architecture is maintained and some congestion
(blue arrows) is visible 24 h after infection (A–B), and neutrophils are not seen in the alveolar spaces (black
arrows in A–B). Fatal septic mastitis 48 h after infection is associated with severe hemorrhages (blue arrows
in C–D), massive bacterial growth in the alveolar spaces (black arrows in D) and invasion into alveolar
epithelial cells which are undergoing severe swelling, cytoplasmic vacuolization and nuclear condensation
(yellow arrow in D). Scale bars 200 lm (A and C), 50 lm (B) and 20 lm (D). All images are representative
of the entire sample and the histological morphology and pathology results were very similar for each gland
in a given mouse and between mice. (For a color version of this ﬁgure please consult www.vetres.org.)
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recruitment is one of the main predictors
of the outcome of an intramammary infection.
A swift response results in rapid clearance of
infection and relatively mild clinical signs
[13, 15–17]. Post partum cows are more
severely affected and septic mastitis is more
common at early lactation. Neutrophil func-
tions and recruitment are negatively affected
in periparturient cows [5] and we have shown
that ketone bodies abrogates formation of
bovine neutrophil extracellular traps (NET)
and bactericidal activity against mastitis EC
[12]. Using the mouse mastitis model we show
here that while ECP4 infection elicited tran-
sient mastitis in normal animals, neutropenic
animals were severely affected. While normal
animals challenged with ECP4 consistently
developed transient disease, neutropenic ani-
mals developed a fatal systemic disease, asso-
ciated with unrestricted bacterial growth and
severe mammary damage. This septic murine
mastitis model clearly resembles ﬁeld cases
of septic mastitis in dairy cows [4, 5].
Intracellular bacterial communities of E. coli
were previously described in the urinary tract
and mammary gland. In both organs the forma-
tion of these communities is associated with the
lack of LPS/TLR4 signaling [1, 11]. Since we
have shown that adoptive transfer of normal
macrophages is sufﬁcient to abrogate bacterial
invasion in TLR4-deﬁcient mice [11]w e
hypothesize here that depletion of alveolar mac-
rophage will result in bacterial invasion in nor-
mal mice. Indeed, we show here that depletion
of alveolar macrophages was sufﬁcient to
enable bacterial invasion into the mammary
alveolar epithelium. While investigating the
role of IL1b signaling and iNOS-derived NO
in neutrophil recruitment in response to ECP4
infection we serendipitously observed intraepi-
thelial bacterial communities in these knockout
mice. The IBC we observed in TLR4-deﬁcient,
IL1bR-deﬁcient and iNOS-deﬁcient mice were
similar and the mechanism of bacterial invasion
might be similar although currently unknown.
ECP4 and other mastitis EC strains do not
invade or form bacterial communities in murine
(our unpublished observations) or bovine epi-
thelial cell lines [8, 9, 18]. Similarly, although
some strains of urinary pathogenic E. coli
(UPEC) are more invasive than mastitis EC
strains, intracellular bacterial communities
(IBC) are difﬁcult to reproduce using in vitro
urinary cell lines [2].
While a considerable importanceisattributed
to the formation of IBC in urinary tract infection
(UTI), their signiﬁcance in mastitis is currently
unknown. UTI in women is notoriously chronic
and relapsing and IBC most probably play an
important role in this course of events [19].
Persistent and relapsing E. coli mastitis have
been previously described in dairy cows but its
prevalence and signiﬁcance in the epidemiol-
ogy of this disease in dairy animals is cur-
rently unknown [3]. Although it was recently
suggested that persistent mammary infection
by E. coli is most likely related to the type of
bacteria [22], we show here that innate immune
response mounted by the host might also be of
prime importance. When the host innate
immune system was compromised, the transient
bovine mastitis ECP4 strain was able to invade
the mammary epithelium to establish IBC
which might be the underlying mechanism of
persistent mastitis. We are currently trying to
elucidate the mechanism of epithelial invasion
by mastitis pathogens using both in vitro and
in vivo studies. We believe that this mechanism
might be of general importance for the better
understanding of virulence mechanisms and
host-pathogen interactions.
Acknowledgements. This work was supported by the
Israel Science Foundation grant No. 193/08.
REFERENCES
[1] Anderson G.G., Palermo J.J., Schilling J.D., Roth
R., Heuser J., Hultgren S.J., Intracellular bacterial
bioﬁlm-like pods in urinary tract infections, Science
(2003) 301:105–107.
[2] Berry R.E., Klumpp D.J., Schaeffer A.J., Urothe-
lial cultures support intracellular bacterial community
formation by uropathogenic Escherichia coli, Infect.
Immun. (2009) 77:2762–2772.
[3] Bradley A.J., Green M.J., Adaptation of Esche-
richia coli to the bovine mammary gland, J. Clin.
Microbiol. (2001) 39:1845–1849.
Role of neutrophils in E. coli mastitis Vet. Res. (2010) 41:53
(page number not for citation purpose) Page 11 of 12[4] Burvenich C., Van Merris V., Mehrzad J., Diez-
Fraile A., Duchateau L., Severity of E. coli mastitis is
mainly determined by cow factors, Vet. Res. (2003)
34:521–564.
[5] Burvenich C., Bannerman D.D., Lippolis J.D.,
Peelman L., Nonnecke B.J., Kehrli M.E. Jr, Paape
M.J., Cumulative physiological events inﬂuence the
inﬂammatory response of the bovine udder to Esch-
erichia coli infections during the transition period,
J. Dairy Sci. (2007) 90:E39–E54.
[6] Daley J.M., Thomay A.A., Connolly M.D.,
Reichner J.S., Albina J.E., Use of Ly6G-speciﬁc
monoclonal antibody to deplete neutrophils in mice,
J. Leukoc. Biol. (2008) 83:64–70.
[7] Das P., Lahiri A., Lahiri A., Chakravortty D.,
Novel role of the nitrite transporter NirC in Salmonella
pathogenesis: SPI2-dependent suppression of induc-
ible nitric oxide synthase in activated macrophages,
Microbiology (2009) 155:2476–2489.
[8] Dogan B., Klaessig S., Rishniw M., Almeida
R.A., Oliver S.P., Simpson K., Schukken Y.H.,
Adherent and invasive Escherichia coli are associated
with persistent bovine mastitis, Vet. Microbiol. (2006)
116:270–282.
[9] Dopfer D., Nederbragt H., Almeida R.A., Gaastra
W., Studies about the mechanism of internalization by
mammary epithelial cells of Escherichia coli isolated
from persistent bovine mastitis, Vet. Microbiol. (2001)
80:285–296.
[10] ElazarS.,GonenE.,Livneh-KolA.,RosenshineI.,
Shpigel N.Y., Neutrophil recruitment in endotoxin-
induced murine mastitis is strictly dependent on mam-
mary alveolar macrophages, Vet. Res. (2010) 41:10.
[11] Gonen E., Vallon-Eberhard A., Elazar S.,
Harmelin A., Brenner O., Rosenshine I., et al., Toll-
like receptor 4 is needed to restrict the invasion of
Escherichia coli P4 into mammary gland epithelial
cells in a murine model of acute mastitis, Cell.
Microbiol. (2007) 9:2826–2838.
[12] Grinberg N., Elazar S., Rosenshine I., Shpigel
N.Y., b-hydroxybutyrate abrogates formation of
bovine neutrophil extracellular traps and bactericidal
activity against mammary pathogenic Escherichia coli,
Infect. Immun. (2008) 76:2802–2807.
[13] Hill A.W., Factors inﬂuencing the outcome of
Escherichia coli mastitis in the dairy cow, Res. Vet.
Sci. (1981) 31:107–112.
[14] Houghton A.M., Hartzell W.O., Robbins C.S.,
Gomis-Ruth F.X., Shapiro S.D., Macrophage elastase
kills bacteria within murine macrophages, Nature
(2009) 460:637.
[15] Lohuis J.A., Schukken Y.H., Henricks P.A.,
Heyneman R., Burvenich C., Verheijden J.H., et al.,
Preinfection functions of blood polymorphonuclear
leukocytes and the outcome of experimental Esche-
richia coli mastitis in the cow, J. Dairy Sci. (1990)
73:342–350.
[16] Paape M., Mehrzad J., Zhao X., Detilleux J.,
Burvenich C., Defense of the bovine mammary gland
by polymorphonuclear neutrophil leukocytes, J. Mam-
mary Gland Biol. Neoplasia (2002) 7:109–121.
[17] Paape M.J., Bannerman D.D., Zhao X., Lee
J.W., The bovine neutrophil: structure and function in
blood and milk, Vet. Res. (2003) 34:597–627.
[18] Passey S., Bradley A., Mellor H., Escherichia
coli isolated from bovine mastitis invade mammary
cells by a modiﬁed endocytic pathway, Vet. Microbiol.
(2008) 130:151–164.
[19] Rosen D.A., Hooton T.M., Stamm W.E.,
Humphrey P.A., Hultgren S.J., Detection of intracel-
lular bacterial communities in human urinary tract
infection, PLoS Med. (2007) 4:e329.
[20] Shpigel N.Y., Elazar S., Rosenshine I., Mam-
mary pathogenic Escherichia coli, Curr. Opin. Micro-
biol. (2008) 11:60–65.
[21] Van Rooijen N., Sanders A., Liposome mediated
depletion of macrophages: mechanism of action,
preparation of liposomes and applications, J. Immunol.
Methods (1994) 174:83–93.
[22] White L.J., Schukken Y.H., Dogan B., Green L.,
Do ¨pfer D., Chappell M.J., Medley G.F., Modelling the
dynamics of intramammary E. coli infections in dairy
cows: understanding mechanisms that distinguish
transient from persistent infections, Vet. Res. (2010)
41:13–16.
Vet. Res. (2010) 41:53 S. Elazar et al.
Page 12 of 12 (page number not for citation purpose)